Introduction
The single-fundamental-mode vertical cavity surface emitting lasers (VCSELs) are important for a variety of applications, such as high-speed fiber optic data communication, free space optical interconnects and modulation spectroscopy [1] [2] [3] . For obtaining single mode the oxide aperture of conventional oxided VCSEL is restricted to 3μm and the output power is limited to 5mW [4, 5] . Getting large oxide aperture to achieve higher output power and at the same time operating at single fundamental mode is a real challenge while the VCSELs with large oxide aperture diameter usually operate at multiple transverse modes. Several etching surface relief, nonperiodic holes and photonic crystal on the surface of the VCSEL's top distributed Bragg-reflector (DBR) [6] [7] [8] [9] [10] . PhC VCSELs with a reproducible and simple fabrication process are extendible to any vertical cavity surface emitting device. Also the photonic crystal approach can provide single-fundamental-mode emission with a specific structure independent of wavelength [11] .
PhC VCSEL operating at single-fundamental-mode can be explained by " endlessly single mode" PhC fiber model. In the year of 2003, Noriyuki Y and Danner A J introduced etching-depth dependence parameter to describer the influence of finite etching depth [12] . In this model the V eff parameter is used to evaluate the laser modal properties:
Where a is the lattice constant, λ is the emission wavelength, n is the average refractivity of the DBR, Δn is the reduction of the index after etching the air hole andλis the etching-depth dependence factor. If V eff was less than 2.405, the structure is considered to be a single-mode waveguide, but the V eff should be big enough to overcome the other factors such as the index changing caused by thermal effect. Therefore, to obtain stable single fundamental mode the V eff value of device should be less than but close to 2.405.
In this paper, a single-fundamental-mode PhC-VCSEL with seven-point defect was fabricated and characterized. The PhC structure was fabricated by using UV photolithography and inductive coupled plasma reactive ion etching on the top DBR. A laser with single mode output power 0.7mW, half maximum of the lasing spectrum less than 0.06nm, far field divergence angle less than 10°and side mode suppression ratio (SMSR) over 35dB was obtained. We compared the PhC-VCSEL with conventional VCSEL with the similar aperture size operating in different impulse duty factor when frequency is 1000Hz. We found that with the decreasing of the duty factor the output power of both PhC and conventional VCSEL are enhanced furthermore the PhC VCSEL's enhanced more quickly than conventional one.
Device structure and processing
The structure of device consist of a top p-type (C-doped) 22-period DBR of alternating layers of Al 0.12 Ga 0.88 As and Al 0.90 Ga 0.10 As, a similar button n-type (Si-doped) 34-period DBR and an undoped three quantum-well active region sandwich between top and button DBR. A 5nm heavily doped p-type GaAs contact layer was grown above the top DBR. Also there is a 30nm Al 0.98 Ga 0.02 As oxidization layer between top DBR and the active region. The VCSEL epitaxial structure was grown on n+-Gas (100) substrate.
We made the circular mesas by ICP-RIE with SiCl 4 /Ar/Cl 2 . Then the Al 0.98 Ga 0.02 As oxide layer was oxided to form a oxide aperture with diameter of 10μm to confine the current. After then the top and button ohmic contact were formed respective with Ti/Au and Au/Ge/Ni/Au. Then we annealed the devices using rapid thermal annealing at 430 for 35s. With the EBL and ICP-RIE mask respective with ZEP and SiO 2 we etch the PhC in the top DBR. The depth of the PhC with lattice constant a=2μ m, air hole diameter b=1μm and defect diameter 7μm is 1.7μm. The PhC structure and section of air hole are shown in Figure 1 Figure 2 (a) shows the measured CW L-I-V characteristic curves for the PhC VCSEL at room temperature. The threshold current of this device is 1mA, the slope efficiency is 0.08W/A and the series resistance is 67.32Ω. When the inject current is 11mA the output power of the PhC VCSEL is 0.7 mW. The CW L-I-V characteristic of VCSEL without PhC structure with the similar aperture size was also measured corresponding to the PhC VCSEL showed in Figure 2 (b) . The VCSEL exhibits the threshold current of 0.4 mA, the slope efficiency of 0.415 W/A and the output power of 5.9 mW. As the figures show that the threshold current of the PhC VCSEL is higher than the VCSEL's while the output power is lower. The reason is that we etched air hole in the top of the DBR. Firstly, the air hole will reduce the refractive index of the top DBR so there must be higher inject current to laser the device. Secondly, the etch damage will be introduced which will increase the number of dangling bond, the increased dangling bonds will cause non-radiative recombination which will increase the threshold current and reduce the output power. Lastly the increased scattering loss introduced by air hole will also increase the threshold current. At the same time , the far filed distribution of PhC VCSEL in both horizontal and vertical direction have only one intensity peak while the conventional VCSEL have multiple intensity peaks. These indicate that the PhC VCSEL work in single-transverse-mode but the conventional VCSEL not . Fig 4  (a) and (b) show the optical spectrum of the PhC and conventional VCSEL at injection current I=15mA measured by optical spectrum analyzer, respectively. The optical spectrum of PhC VCSEL shows only on intercity at the wavelength λ=846.8nm with full width at half maximum (FWHM) less than 0.06nm and SMSR over 35dB. By contrast the optical spectrum of conventional VCSEL shows multiple intensity peaks corresponding to different wavelength. Therefore, by introducing PhC structure in the top DBR we can improve the quality of the beam and make VCSEL operating at single-fundamental-mode. ) show the output power of PhC and conventional VCSEL in different impulse duty factor when impulse frequency is 1000Hz. With impulse duty factor decreased from 100% to 2%, the output power of PhC and conventional VCSEL increased from 0.7 mW to 1.4 mW and 5.9 mW to 7.8 mW, corresponding to 100% and 32%, respectively. The reason is that we etched PhC pattern into the top DBR which will increase the resistance and operating current of device and that will result in generating more heat, at last the high junction temperatuer will depress the saturation power.
Device performances

Conclusion
In this paper we report a PhC VCSEL with seven-point defect operating at single-fundamental-mode throughout the operating current range. This device with oxide aperture about 10μm has ultra-low threshold current about 1mA. By the lateral index confinement of seven-point 2D PhC pattern output light with SMSR over 35dB and divergence angles less than 10°was obtained. The experimental results agree with the modified effective index model. 
